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7Energy Policy and Modeling Group School of Engineering, University College Cork (UCC), Ireland

Correspondence should be addressed to Evaldo Costa; Evaldo.Costa@vub.be

Received 6 August 2018; Revised 29 October 2018; Accepted 26 November 2018; Published 19 December 2018

Academic Editor: Eneko Osaba

Copyright © 2018 Evaldo Costa et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In pursuit of a more sustainable transportation system, electric vehicles (EVs) have the potential to play a fundamental role due to
their improved efficiency and lower emissions. The absence of an adequate electric vehicle supply equipment (EVSE) network has
been one of the major obstacles for the mass adoption of EV, in large municipalities of developing countries.This is the case in Belo
Horizonte (BH), Brazil, which also has a highmotorization rate (7 light-duty vehicles per 10 inhabitants).The purpose of this study is
tomeasure and identify the optimal locations for EVSE according to selected criteria tomeet the needs of light-duty electric vehicles
(LDEV) corresponding to a penetration of 1% by 2025 in the municipality of BH.The study highlights themost important attributes
that need to be considered for the installation of an EVSE network in an urban space for a developing country. Multi-Criteria
Decision Making (MCDM), the Weighted Linear Combination (WLC) method, and the Analytical Hierarchy Process (AHP)
technique based on the inputs from a group of Brazilian electrical mobility specialists, coupled with a Geographic Information
System (GIS) modeling tool, were used for this study. The results revealed that around 1,200 EVSE units are needed, with a large
concentration of EVSE in a small region. We also illustrate where stakeholders should focus their attention for the successful
promotion of EV. The development methodology has the potential to be applied in other future EVSE development projects.

1. Introduction

There is a large mobility demand in urban centers. These
urban centers hold about 80% of global Gross Domestic
Product (GDP) and account for two-thirds of all primary
energy consumption and 70% of carbon dioxide (CO

2
)

emissions [1, 2]. Global transport is responsible for almost
a quarter of energy-related emissions [1, 2]. In Brazil, more
than 32% of final energy consumption is from the transport
sector with road transportation accounting for more than
92% of this amount [3]. Ethanol has an important role for low
carbon transportation in Brazil. A Comparative Life Cycle
Assessment (LCA) study shows that when replacing gasoline

with ethanol fuels, Greenhouse Gas (GHG) emissions can
decrease by around 81% [4]. On the other hand, several
studies highlight that the agricultural process for producing
ethanol can be responsible for considerable problems such
as ecotoxicity, soil acidification, and human toxicity among
others [5, 6]. Some even studies that identify benefits in
the production of ethanol also highlight the negative envi-
ronmental impacts [7]. Other studies suggest that the
competition from the production of ethanol with food is
another substantial problem [8–10].

Replacing internal combustion engines (ICE) with EV
charged with clean energy has the potential to further reduce
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CO
2
emissions [11–17]. This makes EVs a more appropriate

option for urban space [18].
A study for Sao Paulo (with adopted emissions by car of

220 gCO
2
/km) revealed that EV could reduce around 11,0

TgCO
2
, if 20% of its fleet of gasoline cars is replaced by

2030 [19]. This is equivalent to removing the emissions of
about 140,000 medium gasoline-powered cars in one year
when considering an LCA methodology—European study
indicates emissions of 250 gCO

2
/ km [20]. Therefore, the EV

can eliminate the emission of local pollutants (namely, HC,
CO, NOx, and PM) and significantly contribute to reducing
energy consumption and the mitigation of climate change,
especially when the electricity is produced from a renewable
energy mix [21, 22].

Emissions from the transport sector have grown 2.5%
annually between 2010 and 2015; however, OECD (Organiza-
tion for Economic Cooperation and Development) countries
aim to reduce emissions by 2.1% annually between 2015
and 2025 [1, 2]. The development of EV technology and
corresponding recharging infrastructure can be one potential
way to reduce emissions as well as increase energy efficiency
[23].

However, the lack of expansion of suitable electric vehicle
supply equipment (EVSE) networks provides a barrier for
EV, e.g. range anxiety effect (the drivers fear that the electric
vehicle will not have enough range to reach its destination)
[24], even though features such as Safe-Range-Inventory
(SRI) is capable of overcoming the obstacle of range anxiety.
In some developing countries, other problems also need to
be considered when planning for the development of EVSE.
These include greater social inequality, public security prob-
lems, and lack of logistic support, as developing countries also
do not have the same level of experience when compared to
developed countries. China is the only developing country
that is prioritizing EV. However, this Asian country may not
be a good benchmark, since China and Brazil have different
public safety standards; i.e., there is no significant record of
vandalism in Chinese EVSE.

Consequently, the aim of this study is to measure and
identify the optimal locations for the installation for EVSE
in the municipality of Belo Horizonte (BH), Brazil, to meet a
penetration of 1% of light-duty electric vehicles (LDEV) by
2025. This study answers the following questions: (i) what
attributes should be highlighted for the installation of an
EVSE network in urban areas in developing countries with
substantial risk areas? And (ii) where is the optimal location
for a network of EVSE network in the municipality of Belo
Horizonte?

The literature review is presented in the next section. The
third section is dedicated to the methodology, the fourth
section presents the results, the fifth section presents the
discussion, and the sixth section presents the conclusions,
limitations, and suggestions for upcoming studies.

2. Literature Review

2.1. Characterization of the Studied Region. A large share of
the totalGHGemissions inMinasGerais (MG),whose capital
is BH, is due to transportation activities. It ranks second in all

of Brazil’s 26 states forGHGemissions.The transport sector is
responsible for around 36% of the state’s total emissions with
the road transport sector accounting for more than 96% of
these emissions [25].

The estimated population in BH is around 2.5 million
inhabitants, the highest population density in the MG state.
The municipality of BH has 17% of the total road fleet in the
state of MG which is estimated to be 1.8 million units—70%
of these are light-duty vehicles (LDV).

BH is divided into 9 administrative regions, 8 districts,
and 487 neighborhoods [26]. Some of BH neighborhoods,
such as Sion, Lourdes, and Belvedere, have a significant
population concentration with an average household income
higher than US $ 2.2 thousand monthly. The income square
meter price in the area is higher than the average within the
BH municipality [27].

Other neighborhoods such as Savassi, Santo Agostinho,
and Funcionários have a high population concentration. The
BH South-Central region (Figure 1) is characterized as a
metropolitan center with a diversity large quantity of services
and a concentration of economic activity [28].

From an environmental and energy point of view, BH
reveals a favorable potential for the expansion of electric
mobility since Brazil has a predominantly clean energy mix.
In 2016, almost half the energy consumed in Brazil was
from renewable sources [29]. The Brazilian electricity matrix
uses 82% of renewables, due to hydroelectric generation that
accounts for 68% of the total electric generation [29]. The
use of renewable energy in recharging of EV is crucial to
guarantee a reduction in CO

2
life-cycle emissions.

On the other hand, there are some challenges that need to
be overcome in the case of large-scale implementation of an
EVSE network in Brazil’s urban areas. These include irregular
urbanization with large areas of subnormal agglomerates
(cluttered and dense poor settlements, most lacking basic
urban utilities and essential services). Often it is necessary
to cross-areas of irregular urbanization to have access to
airports, railway stations, bus terminals, highways, financial
zones of the city, and upper middle class neighborhoods.

In 2010, Brazil registered more than 6,300 subnormal
agglomerates—with more than 50% of them in the Southeast
of the country—containing around 1.6 million households
and a population of around 5.5 million inhabitants [30].
These areas are often associated with urban violence, due to
the difficulties in accessing essential public services in these
regions.

In BH, the situation is not different; in 2009, there
were more than 364,000 living in subnormal agglomerates,
corresponding to 23% of the population and 10% of the
territory of the municipality [31]. Areas of geological hazards
and areas subject to flooding should also receive special
attention. BH experiences recurrent floods, mainly in the
regions of themunicipality involving the basins of the Arruda
(South and South-Central) andOnça (North) due to problems
involving irregular soil patterns and steep relief [32].

2.2. Electric Vehicle Penetration. Due partially to public
policy support in some nations, the global number of EVs
has almost doubled every year since 2010. In 2016, there
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Figure 1: South-Central region of the municipality of Belo Horizonte.

were 2 million EVs worldwide, with more than 750,000 EVs
sold in the same year. In addition, there are more than
200 million two-wheeled EVs and 345,000 electric buses
mainly concentrated in the Chinese market. This highlights
the increase of EV penetration that can occur over a relatively
short period of time; as in 2005, there were only a few
hundred EVs [1, 2]. A global goal of 100 million electric
cars and 400 million electric 2- and 3-wheelers by 2030 was
defined in the Paris Declaration on Electro-Mobility and
Climate Change and Call to Action [33].

Restrictive policies on the use of ICE vehicles adopted
by some countries may favor the penetration of EV. Some
European countries, for example, are already restricting the
circulation of ICE vehicles in some areas and allowing access
only to low emission vehicles such as EV [34]. Europe has set
a goal of reducing transport emissions by 20% by 2030 and by
70% in 2050 compared to 2008 levels [34]. In Brazil, electric
mobility is beginning to develop but the number of EVs is
still insignificant. From 2011 to 2016, around 3,500 units of
LDEV (most of them for demonstration purposes) have been

licensed in the country (in this period BH does not have any
EV registered), while in this period more than 15.3 million
LDV (ethanol, gasoline, and fuel flex) have been licensed in
Brazil [35].

2.3. Importance of EVSE for the Success of EV. In 2016, the
EVSE infrastructure grew substantially and reached around
2.3 million charging points globally. However, most EV
drivers depend on public charging points to recharge their
vehicles [1, 2]. The lack of charge points near the place of
residence, roads, and workplace is a potential barrier to EV
market penetration due to the range anxiety barrier [36].The
EVSE network must be adequately planned considering both
volume and location [37].

The characteristics of the EVSE, especially those related to
the charging level, are relevant for the creation of an infras-
tructure network. The EVSE levels (Table A2) considered in
this study are as follows[38, 39]:

(i) EVSE L1 (level 1) is equivalent to a slow recharging
station corresponding to 8 h or more for a full charge
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Table 1: Attributes used in similar studies (√ – presence).

Attributes∗ / Authors
(See explanation in Supplement 1) (1) (2) (3) (4) (5)

(6)
This study

(1:9) Selective attributes-SA (1Socio-economic-SE; 2Socio-demographic-SD; 3Geographic-G)
1. Inc: Household income (SE)1 √ √ √ √ √ √

2. Dens: Population density (SD)2 √ √ √ √ √ √

3. PTran: Public transp. Connection (G)3 √ √ √ √ √

4. PShop: Shopping centers (G)3 √ √ √ √ √ √

5. Dcia: Workplace (G)3 √ √ √ √ √ √

6. PPP: Roads, corridors and avenues (G)3 √ √ √ √ √

7. PGeo: Geohazard (G)3 √ √

8. PWat: Flooding areas (G)3 √

9. Slop: Slopes (G)3 √ √

(10:12) Restrictive attributes – RA
10. Green areas √ √ √ √

11. Water bodies √ √ √

12. Subnormal agglomerates √

(1): [50–58]
(2): [43, 54, 56]
(3): [57, 59, 60]
(4): [54, 57, 59]
(5): [43, 55, 57, 61]
∗ Contemplated by other studies.

[40, 41]. It is recommended for the area where the
driver lives.

(ii) EVSE L2 (level 2) corresponds to the fast charging
station accounting for 3 h to 8 h for a full charge
[40, 41]. It is recommended for workplaces, public
transportation connection areas, and shopping cen-
ters.

(iii) EVSE L3 (level 3) is characterized by super-fast
recharge of up to 30 minutes for a full charge [40,
41]. It is recommended for shopping malls, roads,
corridors and main avenues.

The optimization of public and private investments in the
expansion of EVSE requires research in order to gain knowl-
edge on the main attributes capable of calibrating the supply
versus demand equation [42]. These attributes include the
availability of garages in residential areas, points of public
transport connections, high traffic roads, shopping centers,
large parking lots, and other areas with a considerable
concentration of vehicles. In addition, another important
factor is the EV range, which continues to improve. For
example, in 2011, only three models of pure EV were available
for the mass-market in the USA, with a range between 100
and 150 kilometers. In 2017, 15 pure EVmodels were available
in the USA, with a minimum range of 92 kilometers for the
Smart Fortwo Electric Drive Coupe model and a maximum
range of 540 kilometers for the Tesla Model S 100D [41].

Additionally, the availability of physical space to install
EVSEmust also be accounted for, as well as the impact on the

electricity generation network [43–47], the general attitude
towards EV [44], and consumer attitude [48] and psycholog-
ical aspects [49] as well. The installation of an EVSE network
should include technical and geographic resources in order to
meet consumer’s expectations of charging the vehicle’s battery
in the least amount of time andwith short displacements [43],
thus avoiding unnecessary energy consumption.

Among the most important innovations pointed out by
the research are the areas of restriction since they are signif-
icantly important in projects that contemplate the develop-
ment of EV infrastructure. A detailed literature review reveals
the main attributes for the expansion of the EVSE network in
urban areas, as shown in Table 1.

3. Materials and Methods

The study is divided into two parts. The first focuses on
establishing the methods, defining geographic criteria, iden-
tifying the demand, and completing a survey with specialists.
The second part of the study aims at parameterizing and
processing the data in the GIS tool.

3.1. Method Definition. GIS was used because it is a spatial
information system capable of processing different types of
data and accurately indicating the desired spatial location.
Similarly to other studies (Church 2002), GIS was used to
carry out this study and to manage geospatial data analysis
supporting the criteria and indicators for the optimal location
on EVSE [67]. Furthermore, the Multi-Criteria Decision
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Making (MCDM)method for locating EVSE is important and
requires maximum assertiveness [68], as facilities of this type
are meant to endure for large periods (i.e., decades).

In the context of applying theMCDM, amultidisciplinary
group of specialists were invited to evaluate—through the
assignment of the importance of different attributes—the
best location for the EVSE network. The MCDM allows the
consistent analysis of different quantitative and qualitative
elements in a decision-making process. The MCDMmethod
has been widely used for decision-making processes applied
to the environment, energy, business, and infrastructure
for EV [42, 69–71]. Additionally, MCDM was considered
adequate for this study, since Brazil is an incipient EVmarket,
with the additional problem of the limitation and complexity
of the available processing data [72], justifying the use of
MCDM for the localization of infrastructure for electric
vehicles.

The Weighted Linear Combination (WLC) method was
applied, as it is an analytical method for dealing with mul-
tiattributes or when more than one attribute must be taken
into consideration.TheWLCmethod has been largely used in
similar studies [73, 74]. Due to the complexity of the problem,
the Analytical Hierarchy Process (AHP) was also considered.
AHP helps to solve problems using a comprehensive and
rational procedure. The AHP technique is also widely used
in studies linked to geographic analysis [73–75].

3.2. Territorial Divisional. The geographical area considered
was based on the territorial division of the municipality BH,
based on the Brazilian Constitution of 1988 and the Brazilian
Institute of Geography and Statistics or IBGE (Portuguese:
Instituto Brasileiro de Geografia e Estat́ıstica). It considers
487 neighborhoods [26, 63].

3.3. Demand Identification. The demand identified in this
study corresponds to an estimated LDEV penetration of 1%
in BH by 2025.This estimate was based on a report on energy
demand for the Brazilian automotive sector [29]. This is a
conservative scenario; however it is justified as after more
than half a decade of EV availability, which is comparable
with the market share of less than 1% in most countries [1, 2].
Among developing countries, only China shows a high EV
penetration; nevertheless, the EVmarket penetration in 2016
was only around 1% [1, 2]. In Brazil, the rate of EV expansion
may be affected by the lack of public policies for electric
mobility development and the existing governmental ethanol
protection policy.

In the absence of a reference for the ideal number of
EVSE, as well as the ideal ratio between EVSE level 2 (L2)
and EVSE level 3 (L3), the experience of other urban regions
was used as a reference. We defined the proportion of one
EVSE for each ten electric vehicles for use in this study. This
is comparable to a case study of the main Chinese cities that
have the same target [39]. Regarding the EVSE by level—(L2)
and (L3)—the proportion of 80% for EVSE L2 and 20% for
EVSE L3 was used. This was based on the average number of
EVSE for sixteen countries that have amore intensive electric

mobility use [21, 22, 29, 33]. This study also considers that
each EV owner has a home charger (EVSE L1).

3.4. Survey to Specialists. The electrified mobility is in very
incipient phase in Brazil. There are a limited number of
experts in the country. To identify specialists in this topic,
we made email and phone contact was made with Brazil
electric vehicles associations, car manufacturing association,
car dealers federation, automakers, car dealerships, suppliers
of EV equipment, union of taxi companies working in EV test
projects, specialized media, and research by Internet.

After preparing a list containing the names of the spe-
cialists, we sent 67-approach email to clarify the research and
invite them to participate by answering a questionnaire that
would be sent later.

The main attributes identified based on the literature
review (Table 1) used to create the questionnaire that was
classified into three groups: economic, sociodemographic,
and geographic. Before submitting the questionnaire, we
carried out a 40-day trial with a group of 17 people formed by
researchers and friends linked to the automotive sector. The
test proved to be valuable in adjusting some issues.

The survey was conducted by email from 09/05/2016 to
10/09/2016, and the sample covered 51 specialists with an
interest in electric mobility.

The survey targeted EVSE L2 and EVSE L3, and spe-
cialists were required to assign a value for each attribute,
according to the criteria explained in the introduction of
each question. The comparison between two elements using
AHP can be performed in different ways [76]. However,
the scale of relative importance between two alternatives
proposed by Saaty [77] is the most widely used. Therefore,
the specialists assigned values from 1 to 9 for each attribute,
where 1 meant that the attribute had no importance to the
location of the EVSE and 9 was linked to highest importance.
The questionnaire had ten questions with one space for the
respondent to identify new attributes.

Although the number of respondents was not
expressive, it does not compromise the study’s results,
because the specialists limited themselves to evaluating
the attributes—elements of greater relevance—that were
identified in publications covering studies and experiences
with EVSE implementation in other countries. Most of the
respondents were in executive direction (57%), worked in
the private sector (79%), in the automotive industry (37%),
and lived in Southeast Brazil, as shown in Table 2.

3.5. GIS Analyses. The use of the GIS tool can be considered
as the backbone of the study. It is composed of three
steps: preprocessing, processing, and generation of maps, as
described in the next sections.

3.5.1. First Processing Step. The first stage of the GIS analysis
called preprocessing was divided into two phases. The first
one focused on creating parameters and obtaining and
preparing the processing data and the second phase on
management of the attributes. (i) Preprocessing and normal-
ization consist of the preprocessing of the geographic data in
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Table 2: Survey characterization.

% of the total respondents

Job position
Top management and advice 14
Executive Direction 57
Operational management and consultant 29

Sector
Private 79
Public 7
Third sector (NGO) 14

Segment

Automobile industry 37
Transport-related services 21
Service provider 21
Government 7
Energy sector 14

Region

South 21
Southeast 72
North 0
Northeast 7

Table 3: Data source of the attributes in vector format.

Vector format
Source Attributes Source
[62] Slopes Household income [63]

Public transportation connections Population density [63]
Roads, corridors and avenues Shopping Centers Desk research

[64] Green areas Workplaces
Water bodies Geohazards [65]

Subnormal agglomerates Flooding areas [65]

order to structure and parameterize the study. The attributes
were established in vector format, as presented in Table 3.

In the evaluation of the spatial analysis and location of
EVSE, operational characteristics for the different levels of
EVSE were considered:

(i) EVSE L1: the attributes considered were household
income (equivalent to US $ 2.2 thousand or higher)
and population density of people aged 18 years or
older (Table 1).

(ii) EVSE L2: it is suitable to be located near shopping
centers, workplaces, or public transportation connec-
tions with parking lots with aminimum of 50 parking
spaces, among other attributes shown in Table 1.

(iii) EVSE L3: the places with the greatest potential for
installation are roads, shopping centers, and public
transportation connections among other attributes
revealed in Table 1. The attributes were grouped and
processed according to the EVSE levels (L1, L2, and
L3), as shown in Table 4.

The Euclidean distance was adopted and defined as a group-
ing from the delimitation of the average distance between
the attributes, i.e., if the average distance between shopping
malls is 20 km, 10 km is considered to be themaximum radius

Table 4: Attributes considered in the survey (✓ presence,∗ benefit).

Class Attributes L1 L2 L3
Ben∗ Inc ✓ ✓ ✓

Ben∗ Dens ✓ ✓ ✓

Ben∗ PTra ✓ ✓

Ben∗ PShop ✓ ✓

Ben∗ Dcia ✓ ✓

Ben∗ PPP ✓ ✓

Cost PGeo ✓ ✓

Cost PWat ✓ ✓

Cost Slop ✓ ✓

Rest Rest ✓ ✓ ✓

Rest Rest ✓ ✓ ✓

Rest Rest ✓ ✓ ✓

(limited to 30 km) from each shopping mall in which the
EVSE should be installed. The attributes are standardized
by the minimum and maximum values of classification. The
Boolean method was applied and consists of the logical com-
bination of binary values, where each attribute was evaluated
and standardized at “0” as an unsatisfactory hypothesis and
“1” as a satisfactory hypothesis [3].
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Table 5: AHP analysis criterion.

Intensity Definition [66]
1 Equal Importance
3 Moderate Importance
5 Strong Importance
7 Very Strong Importance
9 Extreme Importance
2,4,6,8 Can be used to express intermediate values

Spatial inference is a step in the MCDM that aims to
integrate the data involved. For this, we perform the standard-
ization of attributes (Table 3) into two categories: benefits and
cost [78]. From the distance condition of the attributes, the
benefits criteria are themaximization indicatorswhose values
are always higher (value 1). The cost criteria are related to
distance minimization (value 0).

(ii) Management of attributes defines the importance of
each attribute from the peer-to-peer comparison between
attributes.

The AHP that is created under MCDM is composed of
techniques that are suitable for ranking of critical manage-
ment problems. The AHP is a ranking process that is used in
making group decision and is widely used around the world
in a variety of fields.

Through the AHP process and the multicriteria decision-
making technique, the quantitative and qualitative aspects
were combined generating weights for the attributes [79]
that were compared in pairs from an importance definition
scale in relation to EVSE installation [80]. The weights of
comparison respected the scale of Saaty, as shown in Table 5.

The weights of the attributes were determined in four
stages and the AHP technique was performed using the Easy
AHP tool integrated with the QGIS software [81]:

(i) 1st Stage. Establishing the hierarchical structure of the
factors influence.

(ii) 2nd Stage. Assembling the judgment matrix, based on the
AHP technique consisting of comparative notes between the
attributes (from 1 to 9) indicated by the experts.

(iii) 3rd Stage. Determining the uniformity of the matrix
applied to the normalization process. The eigenvector 𝜆max
(the highest value of the matrix) was adopted in order to
verify the consistency index (CI), the judgment, and consis-
tency ratio (CR), thus indicating the degree of randomness of
the matrix [82] and checking the consistency of decisions, as
shown in (1) and Table 6:

𝐶𝐼 =
(𝜆máx − 𝑛)
(𝑛 − 1)

and 𝐶𝑅 = 𝐶𝐼
𝑅𝐼

(1)

where

CI is the Consistency Index,
Λmax is the highest matched array value,

CR is the consistency ratio,
N is the number of attributes,
RI is the Random Index.

Although there are cases in the literature that consider CR
> 0.1 because of the low knowledge of the parameters [83], in
this project we consider that the RC reached the conditions of
execution of the model, since only about 12% of cases CR was
> 0.1 provoking a rediscussion of the project with the experts.

(iv) 4th Stage. Determination and analysis of the weights that
are the basis for the MCDM method of linear combination
weighted, according to the scenarios modeling:

(a) Modeling for the L1 Scenario. For the L1 scenario, since
these two attributes have the same degree of importance, a
comparative matrix was not required. To refine the model
results, a spatial grouping of the average income data by
households was applied, considering only the regions with a
minimum of 40 households (respecting the principle of equal
US $ 2.2 or higher) and people 18 years old or older.

(b) Modeling for the L2 Scenario. In the L2 scenario, all
attributes were confronted and judged according to the
degree of inherent importance. Attributes shopping and
workplace were characterized as strong and very strong
importance. Table 7 shows the application of the weights
according to the AHP technique.

(c) Modeling for the L3 Scenario. To ensure the consistency of
the judgments and the degree of randomness of the matrix,
the eigenvalue 𝜆max (9.57) and the CI (0.072) and CR (0.05)
indexes were calculated. Then, the value of the weights for
each attribute was determined in order to meet the WLC
method.

In the modeling for EVSE L3, the roads, avenues and cor-
ridors, shopping centers, and public transportation connec-
tionwere characterized as strong and very strong importance.
Table 8 shows the importance levels for the L3 scenario. The
matrix was consistent and with a low degree of randomness,
with the following values being reached: Λmax (9.24), CI
(0.031), and CR (0.021).

3.5.2. Second Processing Step. The weights for each attribute
in the model were applied according to the given scenario.
The WLC method was used in the linear combination of the
weights generated by the comparison matrix in each attribute
[84] and considering the three steps:

(i) Weight Application. The WLC method was adopted for
linear combination and matrix application.

The WLC approach is a widely used GIS-based decision
rule technique [85]. Its most common applications are land
use analysis, site matching and selection, and resource assess-
ment [60]. In this work, the WLCmethod is implemented in
the GIS environment with the support of the reclassification
and map algebra tools. The AHP technique provided the
weights of the attributes and theWLC performed the weights
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Table 6: Number of attributes and random index.

N 2 3 4 5 6 7 8 9 10
RI 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.51

Table 7: L2 scenario.

Inc Dens PWat Pgeo Slope PTrans Pshop DCia PPP
Inc 1.0 1.0 5.0 5.0 3.0 1.0 0.333 0.333 2.0
Dens 1.0 1.0 3.0 3.0 3.0 0.333 0.2 0.2 1.0
PWat 0.2 0.333 1.0 0.5 0.5 0.2 0.143 0.143 0.333
Pgeo 0.2 0.333 2.0 1.0 0.333 0.333 0.2 0.2 0.333
Slope 0.333 0.333 2.0 3.0 1.0 0.333 0.143 0.2 0.5
PTrans 1.0 3.0 5.0 3.0 3.0 1.0 0.333 0.333 3.0
Pshop 3.0 5.0 7.0 5.0 7.0 3.0 1.0 0.333 3.0
DCia 3.0 5.0 7.0 5.0 5.0 3.0 3.0 1.0 5.0
PPP 0.5 1.0 3.0 3.0 2.0 0.333 0.333 0.2 1.0
Scenario 0.11 0.07 0.02 0.03 0.04 0.12 0.22 0.29 0.06
Meaning of acronyms in Supplement 1.

Table 8: Pairwise matrix for L3 scenario.

Inc Dens PWat Pgeo Slope PTrans Pshop DCia PPP
Inc 1.0 2.0 4.0 5.0 5.0 0.5 0.5 1.0 0.333
Dens 0.5 1.0 3.0 5.0 5.0 1.0 1.0 2.0 0.5
PWat 0.25 0.333 1.0 2.0 2.0 0.2 0.2 0.333 0.2
Pgeo 0.2 0.2 0.5 1.0 1.0 0.143 0.143 0.2 0.143
Slope 0.2 0.2 0.5 1.0 1.0 0.143 0.143 0.2 0.143
PTrans 2.0 1.0 5.0 7.0 7.0 1.0 1.0 2.0 0.5
Pshop 2.0 1.0 5.0 7.0 7.0 1.0 1.0 2.0 0.5
DCia 1.0 0.5 3.0 5.0 5.0 0.5 0.5 1.0 0.333
PPP 3.0 2.0 5.0 7.0 7.0 2.0 2.0 3.0 1.0
Scenario 0.11 0.12 0.03 0.02 0.02 0.16 0.16 0.09 0.24
Meaning of acronyms in Supplement 1.

calculation in relation to the attributes in a georeferenced
way.The calculation for the identification of the most suitable
areas for the EVSE network was performed according to (2),
(3), and (4):

(A) L1 Scenario

(''Inc'' + ''Dens'') (2)

(B) L2 Scenario

(0.11 ∗ ''Inc'' + 0.07 ∗ ''Dens'' + 0.02 ∗ ''PWat'' + 0.03

∗ ''PGeo'' + 0.04 ∗ ''Slope'' + 0.12 ∗ ''PTrans''

+ 0.22 ∗ ''PShop'' + 0.29 ∗ ''DCia'' + 0.06 ∗ ''PPP'')

(3)

(C) L3 Scenario

(0.11 ∗ ''Inc'' + 0.12 ∗ ''Dens'' + 0.03 ∗ ''PWat'' + 0.02

∗ ''PGeo'' + 0.02 ∗ ''Slope'' + 0.16 ∗ ''PTrans''

+ 0.16 ∗ ''PShop'' + 0.09 ∗ ''DCia'' + 0.24 ∗ ''PPP'')

(4)

(ii) Grouping of Areas. To identify the areas with the greatest
potential for EVSE network, the technique of Natural Break
(Jenks) was adopted [58].

(iii) Subtraction of Restriction Areas. Inappropriate areas for
the implementation of any type of infrastructure linked
to road transport, i.e., water bodies, irregular settlements,
environmental conservation units, etc. Therefore, all restric-
tion areas were unified and subtracted from the global map
[86]. The term unsafe area was used to refer to subnormal
agglomerates considered with a high degree of violence that
endangers physical and property integrity, thus resulting in
serious material and personal damage. Risk areas refer to the
flooding areas that are vulnerable to major floods that can
cause damage to materials and endanger personal safety.

3.5.3. Third Processing Step. This stage highlights the appro-
priate areas by neighborhood, taking into account spatial and
cartographic issues. Spatial intersection processing was used
in the relation of themaps (municipality and neighborhoods)
and the cartographic questions are characterized by mapping
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Figure 2: Replies received from the specialists.

indicating the main locations for the installation of the EVSE
network. Finally, the cartographic presentation is designed
to support decision-makers in the areas with the highest
potential areas (percentage) for EVSE and their overall
geographic location.

4. Results

The considered scenarios account for 12,000 units of LDEVs
by 2025 in BH, corresponding to a total of 1,200 EVSEs. The
study revealed new attributes in this type of research, such
as subnormal agglomerates—a patrimonial and physical risk
in the region studied because it deals with areas with high
violence rates, and flooding areas—in the case of high rainfall
event. These findings were fundamental for this and future
studies.

4.1. Survey Results. Around 30% of the response rate was
obtained from the 51 expert surveys. The sectors with the
highest percentage of participation were taxi companies and
EV associations. The sector with the lowest return was
the industrial segment. The experts evaluated that, for the
EVSE L2, the most important attributes were workplace,
shopping centers, public transportation connections, and
household income.

When compared to EVSE L3, the household income
and workplace attributes had higher weights. For EVSE L3,
the best-evaluated attributes were roads, public transporta-
tion connections, shopping centers, and population density.
When compared to EVSE L2, the roads, shopping centers,
public transportation connections, population density, and
geohazards were considered the most important attributes,
revealing experts’ preference for super-fast charging stations
(L3), as shown in Figure 2.

The experts also revealed the further away the EVSE are
from the violence zones such as subnormal agglomerates and

risk zones such as flooding areas the better. The result of the
analysis also revealed a wide standard deviation, especially
in attributes as flooding areas and slopes. The most plausible
explanation for this deviation is that attributes characteristics
directly affect those who regularly live or access the region
and these respondents usually give higher value to these
attributes. On the other hand, the roads attribute presented
the lowest standard deviation, which revealed a more bal-
anced evaluation due to the fact that it shows a common and
widespread demand in the diffusion process of the electric
mobility infrastructure, as shown in Figure 3.

Regarding the GIS analysis, the optimum location of
Level 1 installations of the EVSE network is largely affected
by attributes like household income and population density.
However, proximity of attributes, like shopping centers,
public transportation connections, workplaces and roads,
corridors and avenues, has positive impacts on Level 2 and
Level 3 installations of the EVSE network, while attributes
like flooding areas, slopes, and geohazards areas have negative
impacts.

4.2. GIS Analysis Results of Recommended Area for EVSE L1.
The study showed that 65% of the recommended EVSE L1
installations were located in 10 neighborhoods located in the
South-Central region, as shown in Figure 4. This is due to
higher household income concentration and people aged 18
years or older in the targeted regions.

4.3. GIS Analysis Results of Recommended Area for EVSE L2.
The analysis revealed that the suggested areas for installation
of the EVSE L2 network are contained in 45% of the BH
neighborhoods, covering the South-Central and East regions
(Figure 5) mainly due to the greater concentration of com-
panies (workplace), shopping centers, and public transport
connections, attributes that have been well evaluated by the
specialists for this type of infrastructure.
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Figure 3: Average rating of expert rated attributes and standard deviation.
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Figure 5: Optimal locations for EVSE L2.

4.4. GIS Analysis Results of Recommended Area for EVSE L3.
Around 36 neighborhoods of the municipality of BH hold
about 40% of the location recommended areas for EVSE L3,
as shown in Figure 6. These areas are distributed in the
Northeast, Northwest, West, South-Central, and Pampulha
regions.

They are located near expressways, major avenues, and
highways such as the Celso Mello Azevedo ring road that
connects the South-Central (economic pole) to the other
regions of BH and neighboring municipalities, as well as the
Cristiano Machado avenue, Dom Pedro Primeiro Avenues,
access to Pampulha Airport and Confins International Air-
port, Contorno Avenue, among others. This region has
some important shopping malls in BH, public transportation
connections, and a high population density as well as access
to major highways.

The distances between the extreme areas in the munici-
pality of BH are short and compatible with the use of EVs.
For example, the connection from extreme North to extreme
South is around 37 km and from East to West it is less than
20 km. From the central area in the municipality to the
farthest point (from extreme South to extreme North) the
distance is close to 17 km.

5. Discussion

The identification of unsuitable areas for infrastructure instal-
lation in developing countries has been considered in other
investigations. The study to analyze the best locations for new
filling stations in Malaysia, Asia, Khahro indicated that 24%
of the planned areas for EVSE installation were in inadequate
areas [87]. In the aforementioned study, the adaptations
of the areas were carried out based on environmental risk
factors and not as inadequate areas due to risks of public
security. In the present study, this problem did not occur,
since we excluded the risk areas from the recommended
areas for EVSE installation. However, the problem is not
completely solved because it is necessary to take into account
the areas close to the risk areas; i.e., many access routes in
the studied region cross long areas of subnormal agglomerate,
which are not recommended for EVSE installation, due to
the risks of violence during the loading time. Therefore,
our recommendation is for the EVSE to be installed as far
as possible from unsafe areas, in order to avoid serious
occurrences with risks of physical integrity and damage.

Other studies proposed an assignment model to dis-
tribute charging infrastructure in Beijing, China, and to
investigate the development of optimal EV charging station
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assignments in Seattle, USA. Hao and Chen [88, 89] also did
not address the issues of risk areas with a high rate of urban
violence. Actually, almost all of the projects on the expansion
of electric mobility are restricted to a few developed countries
and public safety issues are focused on the safety of people and
the vehicle with regard to the potential for battery accidents
that can cause fires or explosions. However, the expansion of
electric mobility in urban areas of some developing countries
will probably require concern with other factors, such as
unsafe urban areas highlighted in this study.

6. Conclusions, Limitations, and
Recommendations

This Brazilian pioneering study aimed at identifying the
optimal locations to implement EVSE in the municipality
of BH and identify what attributes should be prioritized for
the installation of an EVSE network in urban areas. Some
attributes such as subnormal agglomerates and flooding areas
were identified for the first time in this study and support the
identification of the best locations for EVSE (L2 and L3) in

BH, and in developing countries with substantial risk areas.
Therefore, projects for the development of infrastructure for
electric vehicles in regions with a high risk of violence and
therefore subject to material and personal damage should
include projects risk attributes such as those identified in this
study.

In this context, the study reveals that EVSE L3 should
not be located in public places, only in places that offer 24/7
personal security, as they do with gas stations currently in
Brazil, and places as hotels, airports, shopping malls, etc.
Besides that, the flooding areas may be obstacles to the
expansion of its infrastructure network in Brazil. Similar
regions around the world, especially in developing countries,
are likely to present the same limitations for EVSE network
expansion and require the development of business models
capable of overcoming this issue.

Most of EVSE should be concentrated in small and
specific areas of the municipality of BH. This can be a
facilitating factor for optimizing the investment potential and
maximizing the offer of user services by the expansion of
the EV. The installation of an EVSE network will depend
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on government regulation and potential financial incentives
for the users. Participation of the public sector and other
stakeholders will likely create sustainable business models
capable of attracting investments to EVSE. In this context, the
involvement of utilities, automakers, and companies that own
large fleet and various level of government (i.e., federal, state,
andmunicipal government) could be a promising start for the
development of electric mobility and an incentive to support
the EV infrastructure network.

The short distances that connect the main regions to
the central region of the BH municipality may be favorable
for the adoption of EV, as with a full charge the range
of most EVs is much higher than the distances needed to
cross the BHmunicipality (maximumdistance of 37 km from
extreme North to extreme South). The results of this research
can contribute to better understand the diffusion of the
charging infrastructure for EV and guide stakeholders and
public policies in Brazil and other regions (not restricted to
South America) with similar characteristics as BH in electric
mobility projects.

Although it was not the objective of this study, it was
possible to observe that the specification of the types of
EVs during the vehicle registration process (up to now, the
Brazilian authorities have not started this process) will be of
great importance for the stakeholders and for future studies.
This type of practice and information on various types of EVs
might reveal significant differences in energy consumption
and have an impact on the grid.

This study was limited due to the difficulty of locating
specialists in electric mobility in Brazil, and further studies
are still required to complement the current one. These
include incorporating the EVSE financial aspect, evaluating
the impacts of the EVSE network growth on the grid, incor-
porating the drivers’ psychological aspects, and consumer
attitudes towards e-mobility.
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do Brasil. Braśılia, Brasil. Superintendência de Desenvolv-
imento da Capital (SUDECAP), 2017. http://cprm.gov.br/pub-
lique/.

[66] T. L. Saaty, “How to make a decision: the analytic hierarchy
process,” European Journal of Operational Research, vol. 48, no.
1, pp. 9–26, 1990.

[67] S. L. Hakimi, “Optimum locations of switching centers and the
absolute centers and medians of a graph,” Operations Research,
vol. 12, no. 3, pp. 450–459, 1964.

[68] B. H. Massam, “Multi-Criteria Decision Making (MCDM)
techniques in planning,” Progress in Planning, vol. 30, no. 1, pp.
1–84, 1988.

[69] N. C. Onat, M. Kucukvar, O. Tatari, and Q. P. Zheng, “Com-
bined application of multi-criteria optimization and life-cycle
sustainability assessment for optimal distribution of alternative
passenger cars in U.S.,” Journal of Cleaner Production, vol. 112,
pp. 291–307, 2016.

[70] J. E. Dobson, “A regional screeining procedure for land use
suitability analysis.,” Geographical Review, vol. 69, no. 2, pp.
224–234, 1979.

[71] S. J. Carver, “Integrating multi-criteria evaluation with geo-
graphical information systems,” International Journal of Geo-
graphical Information Science, vol. 5, no. 3, pp. 321–339, 1991.

[72] A. C. Coelho, J. W. Labadie, and D. G. Fontane, “Multicriteria
Decision Support System for Regionalization of Integrated
Water Resources Management,”Water Resources Management,
vol. 26, no. 5, pp. 1325–1346, 2012.

[73] T. T. Duc, “Using GIS and AHP technique for land-use suit-
ability analysis,” in Proceedings of the International symposium
on geoinformatics for spatial infrastructure development in earth
and allied sciences, pp. 1–6, Citeseer, 2006.
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